We calculate the toroidal quadrupole moment and form factor of the deuteron, which violate time-reversal symmetry but conserve parity, at leading order in two-flavor chiral effective field theory with perturbative pion exchange. We take into account time-reversal and parity violation due to the QCD vacuum angle combined with parity violation resulting from the weak interaction in the Standard Model. We also consider time-reversal and parity violation that at the quark-gluon level results from effective dimension-six operators originating from physics beyond the Standard Model.
Introduction
It has long been known that particles with non-zero spin can have "toroidal" electromagnetic form factors that are odd under charge conjugation C, which implies that they violate either parity (P ) or time reversal (T ), but not both symmetries simultaneously [1] . The toroidal dipole form factor (TDFF), also called the anapole [2] , requires spin 1/2 or higher, violates P and conserves T . The toroidal quadrupole form factor (TQFF), which requires spin 1 or higher, violates T and conserves P , and so on [3] . Toroidal form factors produce no physical effects when the photon is on-shell, and correspond in a classical picture to fields within the charge distribution [4] . These features contrast with the more familiar C-even electric and magnetic form factors, which respect or violate both P and T simultaneously, and produce effects for onshell photons. The only form factors allowed for massive particles that are their own antiparticles are toroidal [5] .
The toroidal form factors do contribute to the short-range interaction with a charged particle. For nucleons and nuclei, in particular, they are in principle accessible via lepton scattering. While there exist calculations of the TDFFs of the nucleon and nuclei, there is apparently no calculation of a nuclear TQFF. The TQFF of positronium was calculated in Ref. [6] .
The aim of this paper is to provide the first controlled calculation of the TQFF of the simplest nucleus, the deuteron, at low momentum. The Lorentz-covariant electromagnetic current of a particle with spin 1 is described by seven electromagnetic form factors: charge, magnetic dipole, and electric quadrupole, which are P -and T -conserving (P T ); electric dipole and magnetic quadrupole, which are P -and T -violating (/ P/ T ); TDFF, which is P -violating and T -conserving (/ P T ); and, finally, TQFF, which is P -conserving and T -violating (P/ T ). We can write the spatial, P/ T component of the electromagnetic current as [3] p , j|J
where | p, i is a deuteron state with momentum p and polarization δ µ i in the rest frame, normalized so that p , j| p, i = 1 + p 2 /m 2 d (2π) 3 δ (3) ( q)δ ij , q = p − p is the (outgoing) momentum of the photon, m d = 2m N − γ 2 /m N + . . . is the deuteron mass in terms of the nucleon mass m N 940 MeV and the binding momentum γ 45 MeV. F P/ T ( q 2 ) is the TQFF, which is proportional to the proton charge e = √ 4πα em and has dimensions of mass −3 . We express it in units of e fm 3 .
We denote the corresponding toroidal quadrupole moment (TQM) by T d = F P/ T (0). It can be viewed as an interaction of the deuteron d with the second derivative of the magnetic field B of the form
where S denotes the deuteron spin, and {. , .} the anticommutator. Using Maxwell's equations to replace the curl of the magnetic field with a current, we can trade the P/ T moment for a contact interaction. For example, the P/ T interaction of a non-relativistic lepton of mass m l with the deuteron becomes a dimension-eight contact interaction,
The first term is due to the lepton kinetic term and gives rise to a non-local interaction involvinĝ p = −i ∇. The second one comes from the interaction of the lepton spin σ with the deuteron P/ T form factor. Effects of a TQFF on polarization observables in lepton-deuteron scattering have been investigated [7] . There should be similar effects in proton-deuteron scattering such as in the planned TRIC experiment at COSY [8] , but there they are likely swamped by nonelectromagnetic interactions. We work in the framework of chiral effective field theory (EFT) and take into account the dominant parity and time-reversal violation in and beyond the Standard Model (SM) of particle physics. P violation is commonplace in the weak interaction of the SM. T violation, on the other hand, is small in the SM, which opens up the possibility that operators involving the SM fields but having dimension larger than four could be noticeable. T violation from the CKM quark-mixing matrix is suppressed with respect to other aspects of weak interactions by a small combination of matrix elements [9] , J CP 3 · 10 −5 . Moreover, it is loop suppressed in flavor-conserving quantities, such as T -violating form factors of the nucleon and nuclei. This leaves the QCD vacuum angleθ [10] as the potentially largest dimension-four source of such form factors. However, the stringent experimental limit on the neutron electric dipole moment, |d n | < 2.9 · 10 −13 e fm [11] , constrains it toθ < ∼ 10 −10 . Therefore, we also consider T violation originating beyond the SM at a high energy scale M / T . The dominant such higher-dimensional T -violating operators are of effective dimension six.
The TQFF is in principle sensitive to P/ T physics beyond the SM. However, the lowest dimension where we find P/ T operators is eight, which means that, in the simplest scenarios, they would be highly suppressed by the presumably high scale of physics beyond the SM. Discussions and references on P/ T interactions at low energies, including situations where they could be relatively enhanced, can be found in Ref. [12] . We focus here on what is likely to be the largest "background" in the deuteron TQFF: the combination of / P T from the ordinary weak interactions with / P/ T from theθ term and from the dimension-six operators. Not surprisingly, we find a very small background value for the deuteron TQFF, so that any experimental evidence for a nonzero TQFF likely results from new P/ T physics.
Our discussion is organized as follows. In Section 2 we construct the effective chiral Lagrangian for the relevant P T , / P T , and / P/ T interactions and currents involving nucleons, pions, and photons. In Section 3 we calculate the long-range contributions of these interactions to the deuteron TQFF. In Section 4 we discuss our results and compare the deuteron TQM to its / P/ T electric dipole moment (EDM) and magnetic quadrupole moment (MQM). Three Appendices are devoted to details of our calculations. In Appendix A the various / P/ T operators are presented in more detail, and the orders of magnitude of their contributions are given in Appendix B. In Appendix C we give the expansion of loop diagrams that define the deuteron TQFF.
The effective chiral Lagrangian
At a momentum Q much below the characteristic QCD scale, M QCD ∼ 1 GeV, electromagnetic form factors can be calculated with low-energy effective field theories (EFTs). The most predictive such an EFT is chiral EFT (for a review, see Ref. [13] ), a generalization to an arbitrary number of nucleons of chiral perturbation theory (ChPT) (for a review, see Ref. [14] ), where Q ∼ m π , with m π 140 MeV the pion mass. In this EFT pion propagation is included explicitly, and the properties and interactions of the pions are strongly constrained by the approximate chiral symmetry of QCD.
For the nucleon, form factors can be calculated in perturbation theory as a systematic expansion in Q/M QCD [14] . The / P T anapole and the / P/ T electric dipole form factor of the nucleon have been calculated to next-to-leading order (NLO) in Refs. [15] and [16] , respectively. In nuclei, pions can still be treated in perturbation theory [17] , but then the expansion is in powers of Q/M NN , where M NN ≡ 4πF 2 π /m N ∼ F π in terms of the pion decay constant F π 186 MeV. For observables involving momenta above M NN , one-pion exchange needs to be iterated to all orders [18] , which complicates renormalization [19] . However, light nuclei are dilute systems and, unless one is interested in form factors at high momentum, one can use a chiral EFT with perturbative pions. Indeed, the C-even electromagnetic form factors of the deuteron, both P T (charge, electric quadrupole, and magnetic dipole) [20] and / P/ T (electric dipole and magnetic quadrupole) [21] have been successfully derived in this EFT. The TDFF of the deuteron has been calculated at LO in Ref. [22] . Similar calculations could be performed for other light nuclei.
The relevant low-energy EFT can be written in terms of nucleon, pion, and photon fields. The nucleon field N = (p n) T is an isospinor bi-spinor, with isospin τ /2 and spin S µ = (0, σ/2) in the rest frame, where the velocity is v µ = (1, 0). The pion field π is an isovector pseudoscalar, for which we choose a stereographic parametrization (see, e.g., Ref. [23] ) of the coset space SO(4)/SO(3), where SU (2) × SU (2) ∼ SO(4) is the spontaneously broken, approximate chiral symmetry of QCD, and SU (2) ∼ SO(3) its unbroken isospin subgroup. We define D ≡ 1 + π 2 /F 2 π . The photon field A µ ensures electromagnetic U (1) gauge invariance, appearing in the gauge and chiral covariant derivatives
π ]N , and in the field strength
The coefficients of interactions constructed with up to two nucleon fields are estimated, in the absence of other information from QCD, by naive dimensional analysis (NDA) [24] . For multi-nucleon couplings the scaling of a coefficient on the various scales depends also on the number of S waves the operator connects [17, 13] .
In the following we will need only a few terms in the leading pion-nucleon-photon P T chiral Lagrangians, viz.
where g A 1.27 is the nucleon axial coupling and C 0 a contact two-nucleon parameter, and
where κ 0 −0.12 and κ 1 3.7 are, respectively, the isoscalar and isovector anomalous magnetic moments of the nucleon, and 0123 = 1. The P/ T TQFF vanishes unless there is, in the EFT, either a P/ T interaction or a combination of / P T and / P/ T interactions between the two nucleons. P/ T operators in the EFT Lagrangian arise in two ways. First, they represent dimension-seven P/ T operators in the quark-gluon Lagrangian just above M QCD . These dimension-seven operators in turn can have two origins above the electroweak scale v. On one hand, they can be generated by possible gauge-invariant dimension-eight P/ T operators, in which case they would be expected to be suppressed by four powers of the high, new-physics scale M / T , that is, they would scale as v/M 4 / T . On the other hand, they can arise from the interplay of / P T in the SM and possible dimension-six / P/ T operators, when one would expect the suppression scale to be v 2 M 2 / T rather than M 4 / T . A second way to generate P/ T operators in the EFT Lagrangian is from / P T and / P/ T interactions in the quarkgluon Lagrangian at low energy, when we integrate out non-perturbative dynamics on scale of order of the typical hadronic scale M QCD . Again here we expect a suppression of
If the new-physics scale is much higher than the electroweak scale, the contributions from / P T and / P/ T interactions are likely to dominate the P/ T interactions in the EFT. Interesting scenarios in which this is not the case are discussed in Ref. [12] . Here we are interested in the background to genuine P/ T interactions at the high energy scale. In this case, as discussed in App. B, the contributions from P/ T interactions in the EFT are likely smaller than the long-range components from / P T and / P/ T interactions, which we can, and will, calculate. / P T interactions in chiral EFT have been discussed for example in Refs. [25, 26, 15] . They originate at the QCD scale from four-quark interactions proportional to the Fermi constant G F 1.2·10 −5 GeV −2 . A dimensionless measure of the relative strength of the weak interactions at low energies is
The / P T pion-nucleon coupling h 1 is not well-known. In LO of the EFT with perturbative pions, which we are employing, the / P T asymmetry in [27] , so the recent experimental result A γ = [−1.2±2.1(stat)±0.2(sys)]·10 −7 [28] gives a bound |h 1 |/F π < ∼ 10 −6 , which is the order of magnitude expected by NDA. A first lattice QCD calculation at a pion mass m π 389 MeV gives, in our convention for [29] . / P/ T interactions are expected to be due, mostly, to the dimension-four QCDθ term, parameterized byθ 1, and the dimension-six operators that result from integrating out physics at the scale M / T and the heavy degrees of freedom in the SM. The complete set of / P/ T dimension-six operators at the electro-weak scale has been given in Ref. [30] , and the relevant operators at the hadronic scale have been summarized in Ref. [31] . They are the isoscalar and isovector quark EDM (qEDM) and quark chromo-EDM (qCEDM), the Weinberg operator, which gives rise to a gluon chromo-EDM (gCEDM), and four / P/ T four-quark operators. Two of these four-quark operators are invariant under the SM gauge group and can be generated directly at the electroweak scale. Their effect in the chiral EFT at low energy cannot be separated from the gCEDM and we refer to these collectively as chiral-invariant sources (χISs). The other two four-quark operators break isospin and result from integrating out the weak gauge bosons and running to low energy. Because they mix left-and right-handed quarks we denote these as FQLR. The various / P/ T sources are further discussed in App. A.
The dimension-four and six / P/ T operators have different transformation properties under the chiral group SU L (2) × SU R (2), which has consequences for the / P/ T couplings in chiral EFT [32, 31] . The interactions relevant to the rest of the paper are
whereḡ 0 (ḡ 1 ) is the isoscalar (isovector) / P/ T pion-nucleon coupling,d 0 (d 1 ) a short-range contribution to the isoscalar (isovector) nucleon EDM, andC 0 a short-range / P/ T two-nucleon interaction. The term proportional to 1/m N is a recoil correction and depends on the sum of the incoming and outgoing nucleon momenta. Other / P/ T interactions, some expected to be of comparable size, will not be needed below because of the quantum numbers of the deuteron.
The relative importance of the operators in Eq. (7) depends on the chiral properties of the / P/ T source at the quark-gluon level. As described in App. B, the dimensionless one-nucleon couplingsḡ 0,1 /M QCD and M QCDd0,1 /e are given by the dimensionless strengths of the underlying / P/ T interactions, times factors of (m π /M QCD ) 2 that depend on the chiral transformation properties of the source. For the QCDθ term, the qCEDM, and the FQLR, which violate chiral symmetry, non-derivative pion-nucleon couplings likeḡ 0 can appear in the chiral Lagrangian at LO. In this caseḡ 0 /M QCD = O(M QCDd1 /e) and pion effects tend to dominate because of the low mass. In contrast, χISs can generate pion-nucleon non-derivative couplings only through insertion of the quark mass, which costs two powers of m π /M QCD , so that, for example,
Theḡ 0 term still appears in the LO Lagrangian, but it is accompanied by the equally important two-nucleon and electromagnetic operators, whose construction does not require any insertion of the quark mass. Finally, the presence of a photon field causes the qEDM to contribute mainly to the photon-nucleon sector, purely hadronic operators being suppressed by powers of α em /4π.
The interactions in Eqs. (6) and (7) can be used to compute the / P T , / P/ T and P/ T form factors of nuclei. The nucleon does not possess a P/ T form factor. We summarize here the results for the nucleon TDFF and electric dipole form factor (EDFF), which are needed for the calculation of the deuteron TQFF in Sec. 3. The / P T and / P/ T currents are written as, respectively,
and
where q denotes the four-momentum of the photon and 2K is the sum of the nucleon momenta. We write
where a 0 and a 1 (d 0 and d 1 ) are the nucleon isoscalar and isovector anapole (electric dipole) moments, f i (0)=1, and S i (0) is finite.
At LO, the nucleon TDFFs come entirely from pion loops, in which one vertex is the / P T pion-nucleon coupling h 1 . By NDA one expects
The calculation of Ref. [15] shows that the nucleon anapole form factor is, at LO, isoscalar and finite,
The isovector anapole form factor appears only at NLO, where short-range contributions to the moments also are present. Neglecting O(1) numbers, the result (12) for a
is a factor of 4π larger than the NDA estimate, as often happens in baryon ChPT.
The nucleon EDFF was computed in Ref. [16] to NLO for all / P/ T sources of dimension up to six. For the QCDθ term, the qCEDM, and the FQLR, the isovector nucleon EDM receives a one-loop contribution fromḡ 0 at LO. At the same order there are also short-range isoscalar (d 0 ) and isovector (d 1 ) contributions, the latter being required by renormalization-group invariance. The isoscalar and isovector nucleon EDMs are given by [33] 
where we used dimensional regularization in d spacetime dimensions, with L = 2/(4 − d) − γ E + ln 4π, and µ the renormalization scale. In this case there is no 4π enhancement, and the nucleon EDM is suppressed by the loop factor (2πF π ) 2 ∼ M 2 QCD with respect to the pion nucleon couplingḡ 0 . The momentum dependence of the EDFF is purely isovector in LO and governed by the scale m π , as is the case for the isoscalar TDFF (12), but it is not needed in the following. For the qEDM and the χISs, eḡ 0 /m 2 π is at most as large as the short-range couplingd 1 , and the loop suppression makes its contribution negligible. The EDFF is then momentum independent at LO and completely determined by the low-energy constantsd 0,1 ,
In this case the momentum dependence appears in higher order and is determined by short-range physics.
The / P/ T couplingsḡ 0 , d 1 , andC 0 are not known and, in order to estimate the magnitude of the TQFF they induce, we will need to make some reasonable assumptions. First, we assume that there are no cancellations between d , so that, for / P/ T violation from the qEDM and χISs, the bound on the neutron EDM |d n | can be directly translated into the bound |d 1 | < 2.9 · 10 −13 e fm. Second, as pointed out in Ref.
[33], we should not expect any cancellation in Eq. (13) between pieces that are non-analytic and analytic in m 2 π . With the reasonable value µ = m N , the same bound applies for |d 1 (m N )| in the case ofθ term, qCEDM and FQLR. Moreover, since the long-range contributions give the estimate |d 1 | ∼ 0.13(|ḡ 0 |/F π ) e fm, the existing experimental bound on the neutron EDM yields an approximate bound on the / P/ T pion-nucleon coupling, |ḡ 0 |/F π < ∼ 2 · 10 −12 .
TQFF of the deuteron
With the interactions described in Sec. 2, we can calculate the long-range contributions to the deuteron TQFF, using the techniques of Refs. [20, 22, 21] . As usual in such a calculation, the orders of magnitude of the various contributions can be found by combining the power counting rules of ChPT based on NDA with the rules for two-nucleon states as summarized, for example, in Ref. [13] . A pion propagator scales as 1/Q 2 . A loop involving a single nucleon contributes a factor Q 4 /(4π) 2 from the integration and a factor 1/Q from the nucleon propagator. The infrared enhancement of a loop involving two nucleons gives a factor Q 5 /4πm N from the integration and a factor m N /Q 2 from each nucleon propagator. The deuteron wavefunction contributes an overall normalization factor 4πQ/m 2 N . The deuteron itself is built out of the two-nucleon contact interaction with coefficient C 0 = O(4π/m N γ) and the nucleon kinetic terms in Eqs. (4) and (5) . Pion exchange originating from the pion kinetic terms and pion-nucleon coupling in Eq. (4) contributes to the deuteron structure at relative O(Q/M NN ), together with a two-derivative contact interaction that accounts for short-range energy dependence in the on-shell two-nucleon amplitude [17] . Since we calculate the TQFF to LO only, γ is the sole P T two-nucleon input needed.
The P/ T TQFF is an intrinsically two-nucleon observable, which requires at least one symmetryviolating interaction between the two nucleons. We argue in App. B that P/ T interactions are much smaller than contributions from separate / P T and / P/ T interactions. The lowest-order diagrams involving the / P T vertex h 1 and one of the / P/ T couplings are shown in Figs. 1-3 . In these figures, only one possible ordering is shown. Circles, triangles, and squares denote the leading P T , / P T , and / P/ T interactions in Eqs. (4), (6), and (7), respectively; a circled circle, the P T magnetic photon-nucleon interactions in Eq. (5); a twice circled triangle, the / P T anapole moment of the nucleon in Eq. (12) . The hatched circles denote deuteron states obtained from the iteration of the leading two-nucleon interaction, which brings in dependence on the binding momentum γ. The natural scale for momentum dependence of the TQFF is 4γ, so we express our results in terms of x = q/4γ. We also define the ratio ξ = γ/m π of low-momentum scales.
Let us first consider a photon which interacts without breaking P and T . In this case the photon couples to the nucleon via the magnetic couplings in Eq. (5) or to a pion via interactions obtained by gauging the derivatives in the pion kinetic energy and pion-nucleon axial coupling in Eq. (4). Diagrams with only one pion exchange andḡ 0 and h 1 vertices on each end vanish. This can be understood from the fact that such diagrams do not have enough powers of momentum in the vertices to generate a form factor of the form of Eq. (1), and it agrees with the more general analysis of the P/ T two-nucleon interaction [34] . This leaves three-loop diagrams, containing either two pion exchanges (TPE) or one pion exchange and a short-range / P/ T two-nucleon interaction (4N), Figs. 1 and 2 respectively. Using the power-counting rules outlined above, the sizes of the diagrams in Figs. 1 and 2 are
Whether the diagrams in Figs. 1 or 2 are more important depends on the / P/ T source. For theθ term, the qEDM, the qCEDM, and the FQLR operator the contributions from the short-range interactionC 0 are always suppressed, in this case by Q/M NN , with respect to TPE, because for these sourcesḡ 0 = O(M 2 NN m N γC 0 /4π), see App. B. For χISs, the opposite is true because of the extra (Q/M QCD ) 2 suppression ofḡ 0 /M QCD , which makes the short-range contributions larger by a factor of O(M NN /Q). The diagrams in Fig. 1 are formally the leading contributions Figure 1 : Two-pion-exchange (TPE) contributions to the deuteron TQFF, F P/ T ( q 2 ). Nucleons. pions and photons are represented by solid, dashed and wavy lines, respectively. LO P T , / P/ T , and / P T interactions are denoted by circles, squares, and triangles, respectively. An NLO P T interaction is denoted by a circled circle. Deuteron states obtained from the iteration of the leading P T two-nucleon interaction are represented by hatched circles.
for the QCDθ term, the qCEDM, and the FQLR, while those in Fig. 2 are leading for the χISs. Note that for the isovector qCEDM and the FQLR, one should consider not only the isoscalar pion-nucleon couplingḡ 0 but also the isovector pion-nucleon couplingḡ 1 , but such diagrams vanish.
Alternatively, the photon can interact with the nucleon with a / P T or / P/ T interaction, in which case a single two-nucleon interaction, / P/ T or / P T respectively, is sufficient to produce a TQFFsee Fig. 3 . In diagrams 3(a,b) one of the nucleons couples to the magnetic field via its anapole moment, with / P/ T coming either from pion exchange or from a two-nucleon interaction. Here the anapole "vertex" stands for a one-loop diagram, which produces the result (12) . In diagram 3(c) the photon couples to the nucleon through a recoil correction to the / P/ T EDM, with / P T coming from pion exchange. By power counting, the contributions of diagrams 3(a,b) to the TQFF are Fig. 3(a) 
were we used the NDA expectation for the anapole moment. 
and there is no contribution fromd 0 at this order. Forθ term, qCEDM, and FQLR,d 1 /e = O(ḡ 0 /M 2 QCD ) and this contribution is suppressed by Q/M QCD (a factor coming from the recoil) compared to the analogous anapole diagram 3(a). For χISs, this contribution is comparable to Fig. 2 , while for the qEDM it is the sole leading contribution, since numerically α em /4π ∼ (Q/M QCD ) 3 .
To summarize these power-counting arguments, we expect the TQFF induced by theθ term, the qCEDM, and the FQLR to be dominated by the TPE diagrams in Fig. 1 , with possibly large corrections from the nucleon TDFF, diagram 3(a). For χISs, the dominant contribution should come from the diagrams involving the / P/ T short-range two-nucleon interaction in Fig. 2 and from the nucleon EDFF, diagram 3(c), with a sizable correction from the nucleon TDFF, diagram 3(b). For the qEDM only the nucleon EDFF contribution 3(c) should be important.
We now proceed to the evaluation of diagrams in Figs. 1, 2 , and 3. We find that only the isovector magnetic moment gives a non-vanishing contribution to diagram 1(a) and 2(a). Diagrams with other photon-nucleon interactions (the isoscalar magnetic moment and the minimal coupling through the covariant derivative in the nucleon kinetic term) vanish. Similar diagrams where pion exchanges and contact interaction occur both before or after the insertion of the photon coupling also vanish. Diagrams 1(b,c) and 1(d,e) differ only by an isospin factor.
The diagrams in Fig. 1 are finite in four (and three) dimensions. We express the result for their contribution to the TQFF as
in terms of two three-loop integrals I
a,b (ξ, x). Likewise, the results for the TQFF in Fig. 2 are expressed in terms of two two-loop functions I (2) a,b (ξ, x) as
where we have used power-divergence subtraction [17] . The µ dependence is absorbed inC 0 itself, since here it appears in the same combination as in the magnetic quadrupole form factor [21] . The expansions to order q 2 of the integrals I are given in App. C. The resulting contributions to the TQM are
Finally, we consider diagrams 3(a,b) and (c). For isoscalar / P/ T , only the isoscalar TDFF F / P T, 0 contributes in diagrams 3(a,b). Isospin-breaking / P/ T , for example from insertions ofḡ 1 , would contribute to diagram 3(a) together with the isovector TDFF F / P T, 1 . However, the isovector TDFF is suppressed by Q/M QCD (and by a factor of 4π) with respect to the isoscalar TDFF. Therefore, even for sources that generateḡ 0 andḡ 1 at the same level,ḡ 1 contributions to the TQFF are subleading. Diagram 3(c) is leading only for the qEDM and χISs, for which the isovector EDFF is momentum independent and coincides with the EDM. Diagrams 3(a,b) and (c) result in contributions to the TQFF given by
respectively. The expression for the one-loop integral I (1) along with the expansions to order q 2 of two-loop integrals I
c,d can be found in App. C. Numerically this gives
The result (26) shows that the TDFF contribution, though expected to be suppressed by the factor M NN /M QCD , is comparable to the LO values in Eqs. (22) and (23), in line with the 4π enhancement in the TDM. For the QCDθ term, the qCEDM, and the FQLR, we can assess the importance of the EDM contribution to the TQFF by substituting in Eq. (27) the estimate for the nucleon EDM in terms ofḡ 0 , |d 1 | ∼ 0.13(|ḡ 0 |/F π ) e fm. We find T
π ) e fm 3 , which is numerically small compared to Eqs. (22) and (26), as expected by power counting.
We can now combine the results found so far. For the QCDθ term, the qCEDM, and the FQLR, the TPE contributions from the diagrams in Fig. 1 and the TDFF contributions in Fig.  3(a) have comparable size, giving
This number is within a factor 2 of the power counting estimate in Eq. (17), indicating that the power counting works well (apart from the 4π in the anapole moment). For χISs, by power counting the leading contributions are expected to come from the diagrams in Fig. 2 , with insertions of the four-nucleon couplingC 0 , and from the EDM in diagram 3(c). Also in this case, the contribution of the TDFF in diagram 3(b) is numerically important. We find
IfC 0 andd 1 have their NDA values, their respective contributions are numerically comparable. In the case of the qEDM, the TQM is dominated by the contribution from the nucleon EDM, and we find
Because of dimensionless numerical factors this value is about an order of magnitude smaller than expected by the power-counting estimates based on NDA.
Discussion and conclusion
It is interesting to compare our results for the deuteron TQM in Eqs. (28), (29), and (30) with the largest / P/ T moment of the deuteron, EDM or MQM, for the respective / P/ T sources. In Ref. [21] power-counting estimates and LO results were given for the deuteron EDM, d d , and MQM, M d , in chiral EFT with perturbative pion exchange.
For sources that break chiral symmetry and generate non-derivative / P/ T pion-nucleon couplings in LO, d d and M d are expected to be dominated by two-body effects and be enhanced with respect to the nucleon EDM. In the case of the QCDθ term, M d is expected to be the largest moment (in natural units), because at LOḡ 0 does not contribute to d d (except through the nucleon EDM, Eq. (13)). On the other hand, the qCEDM and the FQLR, which generate also the isovector couplingḡ 1 in LO, induce d d and M d of the same size. For χISs, d d and M d are also expected to be of the same size, and of similar size as the nucleon EDM. The deuteron EDM is in fact expected to be well approximated by (twice) the isoscalar nucleon EDM, while the deuteron MQM, in the perturbative-pion counting, receives the largest contribution from the four-nucleon couplingC 0 . For all these sources, we compare the deuteron TQM to its MQM, given by [21] 
We consider the dimensionless ratio F π T d /M d , which, by power counting, is expected to be of order h 1 /F π . For theθ term, qCEDM, and FQLR,C 0 is subleading in Eq. (31), so that from Eq. (28)
For theθ term, one can neglectḡ 1 and the / P/ T couplings drop out of the ratio, which is approximately |h 1 |/F π , as expected by power counting. For the qCEDM the ratio in Eq. (32) depends on |ḡ 0 /ḡ 1 |, which by NDA is expected to be order one. For the FQLR, as discussed in Ref. [31] ,ḡ 0 is somewhat suppressed with respect toḡ 1 , further suppressing the deuteron TQM with respect to the MQM. In the case of χISs,C 0 is expected to be the leading term in Eq. (31); if we neglect the contribution of the nucleon EDM in Eq. (29), we get
which is also in good agreement with the NDA expectation. For the remaining dimension-six source, the qEDM, d d is also well approximated by the isoscalar nucleon EDM,
while M d is suppressed by one power of Q/M NN with respect to the EDM [21] . Therefore, for the qEDM we compare the deuteron TQM with its EDM using the dimensionless ratio
which is a bit smaller than naively expected.
Equations (32), (33) and (35) make it explicit that the deuteron TQFF, in natural units, is suppressed roughly by a factor of h 1 /F π ∼ G F M 2 QCD /4π ∼ 10 −6 with respect to the largest / P/ T moment. The lack of any significant numerical enhancement thus leads to a very small TQFF. The bounds onḡ 0 ,d 1 , and h 1 inferred in Sec. 2 allow us to estimate the size of the TQM. For the QCDθ term, the qCEDM, and the FQLR we find
while for the qEDM we find the even smaller value
For χISs, one expects a similar value, but to be more precise a bound onC 0 is needed.
These estimates have been obtained in chiral EFT with perturbative pions. Iterating pions one can extend the regime of validity of the theory beyond M NN at the cost of much more complicated renormalization [19] . Because the binding momentum of nucleons in the deuteron is γ M NN , we do not expect drastic changes in the quantities calculated here. In the case of our comparison / P/ T moments, this expectation has been checked [35] and shown to be reasonable. We conclude that the value of the deuteron TQM from parity violation in the SM and parityand time-reversal violation due to the SMθ term or dimension-six operators originating beyond the SM is, not surprisingly, tiny. Evidence for a nonzero value for the deuteron TQM that is larger than the "background" value ∼ 10 −19 e fm 3 would likely be due to new P/ T interactions.
above M NN are integrated out, which induces contributions to multi-nucleon interactions. In particular,C 0 can be generated by a high-energy pion exchange between two nucleons with one vertex originating in g A and the other inḡ 0 . For χISs a larger contribution toC 0 is generated if one uses, instead ofḡ 0 , ( [31] . Application of the NDA rules at the scale /m N M NN ) . However, this naive scaling is altered because the operator connects to an S wave. As discussed in Ref. [17] , this enhances the scaling by a factor M NN /Q due to non-perturbative renormalization by the leading-order P T two-nucleon interaction. One finds
potential at higher order than one-pion exchange diagrams involving h 1 [26] . As a consequence, diagrams involving these interactions are also suppressed compared to the diagrams discussed here. The same holds for diagrams with / P T nucleon-nucleon-photon (NNNN γ) interactions [22] . In addition, one can understand why effective P/ T interactions contribute at higher orders. One-pion exchange with a P/ T coupling does not contribute to the P/ T potential in the twonucleon sector [34] . The latter is dominated by exchanges of heavier mesons, like the ρ and the a 1 , which, at low energy, appear as two-nucleon contact interactions with at least two derivatives (see, e.g., Ref. [39] ). The size of these two-nucleon operators can be again estimated in NDA by multiplying the reduced couplings for the / P T and / P/ T interactions. For example, for theθ term a P/ T two-nucleon coupling would scale asθG F Q/(4πm N M 2 QCD ). Inserting this coupling into a two-loop diagram with the photon interacting on a nucleon line via the nucleon magnetic moment gives rise to a TQM of order
. Such a contribution is much smaller than the long-range component that results from the pion-nucleon couplings h 1 andḡ 0 in Fig. 1 , as can be seen from comparison with Eq. (43). Similar power-counting estimates indicate that contributions from diagrams with short-range P/ T NNNN γ vertices are smaller than the contributions in Eqs. (43)- (47) by at least a factor Q 2 /M 2 NN . For dimension-six sources, we can neglect P/ T operators in the EFT as well. For nonelectromagnetic sources such as the qCEDM, the FQLR operators, and the χISs the argument is analogous to the one used for theθ term. For the qEDM one might think that P/ T pion-nucleonphoton interactions could be relevant. Indeed, a P/ T operator of the form D µ π ·N S ν τ N eF µν gives a nonzero contribution to the deuteron TQM via a two-loop diagram. However, by power counting we find this diagram to be smaller by a factor Q 2 /M 2 QCD compared to the diagram in Fig. 3 , which provides the dominant contribution for the qEDM.
C Form factor integrals
In Sec. 3 the results for the deuteron TQFF F P/ T ( q 2 ) were expressed in terms of L = 1, 2, 3 loop integrals I (L) (ξ, x), where ξ = γ/m π and x = q/(4γ). We list here the form and expansions of these integrals to terms of order x 2 , where x = | x|.
The one-loop integral in Eq. (24) is standard, appearing for example in the deuteron magnetic quadrupole form factor [21] . It has the simple closed form
The integrals appearing in the two-and three-loop diagrams are more complicated. We express them in terms of the dimensionless variables y i , obtained by rescaling the loop momenta, k i = m π y i . They can be conveniently calculated in coordinate space [40, 18] .
The two-loop functions in Eqs. (21) , (24) , and (25) depend on three two-loop integrals, 
Expanding in x 2 and retaining the first two terms in the expansion, we find 
The two-loop functions I 
1,2,3 by multiplying them by prefactors that take into account spin and isospin factors, and the symmetry factor of each diagram:
a (ξ, x) = 12I 
3 (ξ, x),
I (2) c (ξ, x) = 48I
(1)
2 (ξ, x) − 8I
1 (ξ, x).
Similarly, the three-loop functions that enter in Eq. (20) 
where Li 2 (x) is the dilogarithm function. The function I 
1 (ξ, 0) has a finite limit for vanishing ξ, I
1 (0, 0) = −1/162. However, this limit is not a good approximation to the value of the threeloop function at the physical value of ξ, ξ 0.3. One needs to keep at least terms up to ξ 15 to obtain an approximation of I (3) 1 (0.3, 0) at the 10% accuracy. As before, lumping spin, isospin, and symmetry factors in the definitions of I 
b (ξ, x) = 240 I
2 (ξ, x).
